A procedure for the modified Edman degradation of globin for determination of sulfur mustard adducts to the N-terminal valine residue in human hemoglobin has been developed for use under field laboratory conditions. The minimum detectable exposure level of human blood (in vitro) to sulfur mustard using this procedure is lO0nM. The interindividual and intraindividual variabilities of the procedure were acceptable (standard deviation < 10% and < 20%, respectively). The procedure could be properly set up and carried out in another laboratory within one working day, demonstrating its robustness.
Introduction
The confirmed use of sulfur mustard, sarin and tabun in the Iran-Iraq conflict, the threat of chemical warfare in the Gulf War and during Operation Iraqi Freedom, and the terrorist attacks with sarin in Japan have stressed the need of reliable methods to detect both the nature and the extent of poisoning with chemical warfare agents. Furthermore, confirmation of non-exposure is of pivotal importance. Current methods for biomonitoring of chemical warfare agent exposure were the subject of a recent review article (1).
Within this framework, a method was developed for the sensitive detection of exposure to the vesicant sulfur mustard, by means of selective cleavage of the N-terminal vaIine adduct to human hemoglobin via a modified Edman degradation (2) (Figure 1 ). This method allowed the detection of exposure to sulfur mustard of two Iranian victims of the Iran-lraq war in blood samples taken 22-26 days after the exposure (3) .
In this paper we describe in full experimental detail a procedure for modified Edman degradation of the sulfur mustard adduct to N-terminal valine in hemoglobin, that can be applied in a well-equipped laboratory. Preliminary attempts to * Author to whom corresponce should be addressed. E-mail: noortd@pmhtno.nl. acquire this goal have been (partially) published in a symposium series paper (4) . Recently, a more sensitive assay has been developed for monitoring exposure to sulfur mustard, which is based on liquid chromatography-tandem mass spectrometry (LC-MS-MS) analysis of a modified tripeptide obtained after pronase digestion of albumin (5). However, the advantage of the procedure presented here is the use of a gas chromatography-mass spectrometry (GC-MS) instrument, which is more compatible with field laboratory conditions than an LC-MS-MS instrument. modified Edman degradation of N-terminal valine-sulfur mustard adduct (B); and derivatization using heptafluorobutyrylimidazole (HFBI) (C).
Experimental

Materials
All chemicals and solvents were of analytical grade. Pentaflu- * Globin from human blood exposed to sulfur mustard-d8 (10pM) was used as an internal standard. Modified Edman degradations were carried out in duplicate on the VG 70-250S GC-MS system. * Corrected to the use of equal amounts of analyte and internal standard.
Instrumentation
A reactitherm heating module 18790 and heating block B-1 were purchased from Pierce. Sample vials (4 mL, 15 x 46 ram) and black plastic caps with Teflon-faced rubber (size 13-425) were purchased from Aldrich (Bornem, Belgium. A vibrofix VF 1 electronic was purchased from Janke & Kunkel (Staufen, Germany). The vacuum concentrator (type RC10-10) was purchased from Jouan (St. Herblain, France).
GC-MS analyses using negative-ion chemical ionization (NICI) was performed with an VG70-250S MS (Fisons Instruments, Altrincham, U.K.) or an HP 5973 mass selective detector connected to an HP 6890 GC system with an HP 7673 autoinjector (Agilent, Palo Alto, CA).
Incubation of human blood with sulfur mustard or sulfur mustard-ds
A 1M stock solution of sulfur mustard or sulfur mustard-d8 in CH3CN was prepared. An appropriate dilution of this solution (50 IJL) was added to human blood (5 mL). After incubation at 37~ for 2 h, plasma and erythrocytes were separated by centrifugation at 3000 rpm.
Procedure for modified Edman degradation of globin alkylated by sulfur mustard
Globin (20 mg) isolated according to Bailey et al. (6) from blood exposed to sulfur mustard was mixed with globin (20 rag) isolated from blood exposed to sulfur mustard-d8 (101JM) and dissolved in formamide (2 mL). Next, pyridine (8 IJL) and pentafluorophenyl isothiocyanate (8 mL) were added and the mixture was incubated at 60~ in a heating block for 2 h. After cooling to room temperature, the mixture was extracted with toluene (3 x 1 mL) by means of vortex mixing the toluene with the formamide solution (30 s) and centrifuging in a Jouan RC 10.10 centrifugal evaporator for 2 min Mean _+ SD (1200 rpm). Then the samples were frozen in o.32 _+ o.o5 liquid nitrogen in order to achieve a better o.36 _+ 0.01 separation of the two layers. The toluene o.35 + o.o5 layers were combined and washed with water 0.37 _+ 0.o6 (2 x 0.5 mL), aqueous Na2CO3 (0.1M, 0.5 0.36 + o.o7 mL), and water (0.5 mL). The organic layer was dried (MgSO4), evaporated to dryness using the centrifugal evaporator, and dissolved in toluene (100 tJL). Next, a Florisil cartridge was conditioned with methanol/dichloromethane (1:9, v/v; 2 mL) followed by dichloromethane (2 mL). The toluene solution was applied on the cartridge, which was subsequently washed with dichloromethane (2 mL) and methanol/dichloromethane (1:9, v/v; 1 mL). The thiohydantoin was eluted with methanol/ dichloromethane (1:9, v/v; 1.5 mL). The latter eluate was evaporated to dryness and dissolved in toluene (100 pL). Heptafluorobutyryl imidazole (10 IJL) was added to this solution, and the mixture was heated at 60~ for 30 rain. After cooling, the reaction mixture was washed with water (2 x 100 pL), aqueous Na2CO3 (0.1M, 100 IJL), and finally with water (100 pL). The toluene layer was dried (MgSO4), concentrated to 30 IJL, and analyzed with GC-MS.
Instrumental analysis
GC-MS analysis was performed on two different systems. The VG70-250S MS was operated in the NICI mode (methane) with a source temperature of 200~ an ionization energy of 70 eV, and an ion source pressure of 2 mPa. The GC (HP 5890A) was equipped with an on-column injector (Carlo Erba, Milan, Italy) and a CPSil 5CB fused-silica capillary column (50-m length, 0.32-ram i.d., 0.25-1Jm film thickness, Chrompack, Middelburg, The Netherlands). The oven of the chromatograph was kept at 120~ for 5 min; the temperature was then programmed to 275~ at 15~
and subsequently held at this temperature for 10 rain. The injection volume was 1 pL. Ion chromatograms were recorded after monitoring for m/z 564 (M-. -3 HE analyte) and 572 (M-. -3 HF, internal standard).
In the other GC-MS system, an HP 5973 mass selective detector was connected to a HP 6890 GC system with an HP 7673 autoinjector, using pulsed splitless injection. The system was operated in the NICI mode (methane) with a source tern- perature of 150~ and an ionization energy of 70 eV. The column used was a CPSil 5 CB fused-silica capillary column (50-m length, 0.32-ram i.d., 0.25-pm film thickness, Chrompack) or a Hewlett-Packard HP-5 column (5% phenyl methyl siloxane, 30-m length, 0.25-ram i.d., 0.25-1Jm film thickness). The oven of the chromatograph was kept at 120~ for 5 min; the temperature was then progammed to 275~ at 15~
and subsequently held at this temperature for 10 rain. Injection volume was 1 pL (containing about 1% of the total sample).
Ion chromatograms were recorded after monitoring for m/z 564 (M-. -3 HF, analyte) and 572 (M-. 3 HF, internal standard).
Results and Discussion
Development of the procedure for modified Edman degradation of globin modified by sulfur mustard
Although attempts to apply the modified Edman degradation reaction directly on hemolysates failed, a considerable shortening of the procedure could be achieved, for example, by performing the reaction with pentafluorophenyl isothiocyanate for 2 h at 60~ instead of overnight (4) . In the actual procedure, globin isolation was performed as described by Bailey et al. (6) . Furthermore, we described the purification of the crude thiohydantoin by solid-phase extraction procedures (4) . Because it may be expected that a lower minimum detectable concentration may be achieved by applying these Concentration sulfur mustard (pM) Figure 3 . Results from GC-NCI-MS analyses of globin samples isolated from human blood that had been exposed at TNO-PML (n, mean of duplicate experiments) and at USAMRICD (~ single experiments) to various concentrations of sulfur mustard dissolved in acetonitrile and of globin samples isolated from human blood that had been exposed to sulfur mustard-d 8 (10pM), serving as an internal standard, after modified Edman degradation. The inset figure represents an expansion of the lower concentration region. The analyses were run at identical HP GC-MS systems.
purification steps, attempts were made to detect exposure to 10nM sulfur mustard. However, the pentafluorothiohydantoin could not be detected. Furthermore, when large amounts (up to 500 rag) of globin were used, in combination with purification of the crude intermediate thiohydantoin, impurities present in the sample still prevented proper analysis. In addition, the sample to be analyzed by GC-MS was concentrated from 100 ]JL to approximately 30 IJL, which led to a more pronounced peak in the chromatogram upon GC-MS analysis. Further concentration led to disturbance of the peak shape, probably due to co-concentration of impurities. Unfortunately, these modifications did not result in a significantly lower detection limit, that is, lower than 100nM (2) . From a practical point of view, however, the purification of the crude derivatization mixture is important because it will prevent rapid fouling of the instrument. A typical analytical run after modified Edman degradation according to the developed procedure, is shown in Figure 2 .
Determination of the intraindividual variation of the in vitro sensitivity of human blood to sulfur mustard, as determined by modified Edman degradation of globin
The intraindividual variation of the in vitro sensitivity of human blood to sulfur mustard was determined in blood samples taken from five individuals at three time points by application of the procedure for modified Edman degradation of the N-terminal valine adducts. For this purpose, the blood samples were exposed to sulfur mustard (51JM), the globin was isolated and subjected to the procedure for the modified Edman degradation. Only one exposure level was studied in view of the large amounts of samples to be analyzed. The results (Table I) indicate that the intraindividual variation is acceptable (standard deviation < 20%).
Determination of the interindividual variation of the in vitro sensitivity of human blood to sulfur mustard, as determined by modified Edman degradation of globin
The interindividual variation of the in vitro sensitivity of human blood to sulfur mustard was determined in blood samples of 10 volunteers, by application of the procedure for modified Edman degradation of the N-terminal valine adducts. Only one exposure level was studied in view of the large amounts of samples to be analyzed. For this purpose, the blood samples were exposed to sulfur mustard (51JM) and globin was isolated and subjected to the procedure for the modified Edman degradation. The results (Table II) indicate that the interindividual variation is acceptable (standard deviation < 10%).
Applicability of the procedure for GC-MS determination of the sulfur mustard adduct to the N-terminal valine in hemoglobin at the U.S. Army Medical Research Institute of Chemical Defense (USAMRICD)
The applicability of the procedure for the GC-MS determination of the sulfur mustard adduct to the N-terminal valine in Journal of Analytical Toxicology, Vol. 28, July/August 2004 hemoglobin was demonstrated at the USAMRICD (Edgewood, MD). Experiments were performed to demonstrate that the procedure can be set up within a short period of time in an independent laboratory by analyzing the adduct in (i) globin isolated at TNO-PML from human blood exposed to sulfur mustard and (ii) globin isolated from human blood after exposure to sulfur mustard at USAMRICD.
Two series of globin samples were analyzed according to the procedure based on GC-NCI-MS analysis after the modified Edman degradation. The first series of globin samples was obtained after isolation from human blood that had been exposed to various concentrations of sulfur mustard at TNO-PML. For the second series, exposure of human blood to sulfur mustard as well as isolation of globin was performed at USAMRICD. In both series the internal standard globin (globin isolated from blood that had been exposed to sulfur mustard-ds) was prepared at TNO-PML.
The results obtained from the two series are presented in Figure 3 . The adduct levels in the second series appeared to be approximately 70% of those in the first series. This may be due to a different way of storage of the sulfur mustard stock solutions or due to the different conditions during incubation with sulfur mustard, that is, 2 h at 37~ for the first series and about 4 h at room temperature for the second series. A linear dose-effect curve was obtained for these samples. The results obtained from the duplicate runs show the reproducibility of the assay. Method transfer was achieved within 9 h. The results show that the procedure for analysis of sulfur mustard adducts to N-terminal valine of hemoglobin could be set up and carried out properly at a different facility (in this case USAMRICD).
In conclusion, a procedure for determination of the sulfur mustard adduct to human hemoglobin has been developed, which is easy transferable to other laboratories. Sample processing is quite straightforward, and the procedure can be run on a simple benchtop GC-MS which facilitates use under field laboratory conditions. The sensitivity of the assay might be improved by using more sophisticated GC-tandem MS instruments.
